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I1 The Ru-SO2 complex, [Ru (NH3)i,(SOp)Cl]Cl, has an orthorhombic 
u n i t  cell, g=13.962, h=9.308, ~ ~ 7 . 3 1 2  8. 
Pnam with four  formula weights per  u n i t  cell. 
s iona l  c r y s t a l  s t ruc tu re  analysis  of t he  complex yielded the  
The space group is  
A three-dimen- 
posi t ions of a l l  of the atoms but the  hydrogens, with a d i s -  
crepancy f ac to r  of 0.047 for 1054 independent re f lec t ions .  
SO2 is a monodentate ligand, coordinated through the  su l fur .  
The bond dis tances  and bond angle i n  the  coordinated SO2 a re  
approximately the same as in  f r ee ,  s o l i d  SO2 and the Ru-N, 
The 
Ru-S and Ru-Cl bond lengths a re  comparable t o  .those observed 
i n  other  platinum group complexes. 
f 
i 
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1 . Introduction 
The only metal complexes reported i n  t h e  l i t e r a t u r e  t o  contain su l fu r  
dioxide as a l igand are those of t he  ruthenimammine series described by 
Gle:j3 and possibly the products of the react ions of i ron  carbonyls with 
(2) K. Gleu and K. Rehm, 2. anortz. u. allnem. Chem., 227, 237 (1936). 
(3) K. Gleu, W. Breuel and K. Rehm, Xbid., 235; 201,211 (1938). 
- 5  
S o p .  V a s k a  has prepared several platinum group complexes containing 
(4) E. H. Braye and W. HUbel, Annew. Chem., 75, 345B (1963). 
(5) L. Vaska, pr iva te  communication, 1964. 
1 . 
SO2 l igands as w e l l  as carbonyl and subs t i tu ted  phosphine ligands. 
Since the  ruthenium-tammines are the only w e l l  characterized S o p  
complexes, i t  would be informative t o  know more about t he  bonding involved, 
7 viz., (1) whether the  SO2 is coordinated through the  su l fu r  or oxygen, 
(2) how the bond parameters and infrared frequencies of Coordinated SO2 
compare with those of f r e e  S o p ,  and (3) t h e  na ture  of t he  N, C 1  and S 
bonds t o  the ruthenium. A three-dimensional c r y s t a l  s t ruc tu re  analysis  
w a s  performed on a representat ive comples, 
na tu re  of the  bonding of the SO2 ligand i n  
is discussed elsewhere. 
6 
[ R U ~ ~ ( N H ~ ) ~ ( S O ~ ) C ~ ] C ~ .  The 
several other  Ru-SO2 complexes 
( 6 )  L. H. Vogt, Jr., J. L. Katz and S. E. 
11965). 
Wiberley, InorP. Chem., - 
Experimental 
3 
Preparation.-The Ru-SO2 complex w a s  prepared according t o  the 
procedures b r i e f l y  out l ined by G l e ~ , ~ ' ~  with the  exception of the  
[ ) 6 ] C l 3  which w a s  prepared by (and purchased from) Johnson, 
Matthey and Co., Ltd., Hattan Garden, London E.C. 1, England, using 
Lever's method. 
(7) F. M. Lever, i n  "Internat ional  Conference on Co-ordination Chemistry," 
7 
A deta i led  account of t he  preparation of the  complex 
Spec. Publ. No. 13, The Chemical Society, Burlington House, London 
W.1 ,  England. 
f ollars . 
[Rux1'(NH~)6]C13, (7.0 g., 0.023 moles) w a s  dissolved i n  75 ml. 
water with warming and 75 ml. conc. HC1 w a s  added. The so lu t ion  w a s  
refluxed f o r  3.5 hrs .  During t h i s  t i m e  a yellow c r y s t a l l i n e  p rec ip i t a t e  
formed which w a s  subsequently f i l t e r e d  off, washed f i r s t  with 1:l HC1, 
then with methanol, and dr ied under vacuum a t  room temperature. A yie ld  
of 6.42 g. (97%)  of br ight  yellow c r y s t a l s  of [Ru*11(NH3)5 C l I C 1 2  w a s  
obtained . 
[Rurr1(NH3)5 C l ] C l z  (4.00 g., 0,014 moles) w a s  dissolved i n  160 m l .  
water a t  75-85O. To this solut ion w a s  added 5.66 g. (0.056 moles) of 
s o l i d  NafISO3. 
which was kept a t  75' on a water bath. 
clear, f a i n t l y  yellow c r y s t a l s  s t a r t ed  t o  form. These conditions w e r e  
Sulfur  dioxide was slowly bubbled through the  so lu t ion  
After about 15 min. a t  7 5 O ,  small, 
maintained f o r  1 hr., a f t e r  which the  system w a s  allowed t o  cool t o  room 
temperature but with continued sa tura t ion  with Sop. Thereafter,  the  
c r y s t a l s  were f i l t e r e d  o f f ,  washed f i r s t  with w a t e r ,  then with methanol, 
and dr ied  under vacuum at  room temperature. A yie ld  of 2.98 g. (70%) of 
@ 
C 
4 [RU If ( N H ~ ) ~ ( H S % ) ~ ]  w a s  obtained. This s l i g h t l y  soluble  
4 
complex could 
not  be recrys ta l l ized  s ince  i t  reacts i n  aqueous solut ion giving a pale , 
blue  color.  
w a s  found necessary i n  order t o  prevent the occurrence of s ide  reactions 
U s e  of the S o p ,  which w a s  not  mentioned i n  the  l i t e r a t u r e ,  
I 
which grea t ly  reduced the yiCld of the  desired complex. Presumably, the I 
~ 
NaHS% alone is too weak an a c i d  i n  so lu t ion  t o  prevent some OH- from 
coordinating with the ruthenium and r e su l t i ng  i n  the  formation of highly 
colored, insoluble products. 
11 [Ru (NH3)4(HS03)2], (2.77 g., 0.001 moles) w a s  dissolved i n  
325 ml. of 1:l HClby heating at the boi l ing  point f o r  about 15 min. 
[Ru 
The 
I1 (NH3)4(HS%)2] turned a rust color when t rea ted  with the  acid and 
I 
went i n t o  solut ion slowly, producing a deep red solut ion.  The solut ion ~ 
w a s  f i l t e r e d  hot,  then reheated t o  redissolve any c rys t a l s  t h a t  had formed 
and allawed t o  cool slowly overnight. 
c r y s t a l s  of [Ru 
Deep r e d - o r m e ,  needle shaped 
I1 (NH3)4(S0,)C1]C1 formed which w e r e  f i l t e r e d  o f f ,  washed 
f i r s t  with 1:l HC1, then with methanol, and dried under vacuum at  room 
temperature. 
If Anal. Calcd. f o r  [Ru (NH3)4(S02)Cl]Cl:  Ru, 33.23; N, 18.41; H, 3.98; 
S, 10.54; C1,  23.31; m o l .  wt . ,  304.16. Found: Ru, 33.12; N, 18.27; H, 4.00; 
S, 10.44; C 1 ,  23.56. 
The complex is s l i g h t l y  soluble i n  w a t e r  ( i n  which an equilibrium 
3 
exists between the chloro &d aquo forms) and ethanol,  but  is insoluble  
i n  a c e t o n i t r i l e ,  dimethyl aulfoxide and dimethyl formamide. 
X-Ray Diffraction.-Prelidnary information on the  crystal system, 
cel l  constants,  space group and atom pos i t ions  were obtained using l imited 
precession and Weissenberg f i lm d a t a .  A microphotodensitometer designed f o r  
reading spectroscopic p l a t e s  was employed t o  measure the i n t e n s i t i e s .  It was 
then decided to c o l l e c t  extensive three-direensional i n t ens i ty  da t a  using a 
. 
5 
G.E. XRD-6 diffractometer equipped with a Goniostat, pulse-height discrim- 
inato'r and s c i n t i l l a t i o n  counter. 
( )r=1.54051 8) w a s  employed. 
a rhombohedral cross-section (0.042 x 0.042 x 0.275 mm.) 
long crystal ax is  corresponds t o  the [OOl) d i rec t ion  i n  b a r n .  
Nickel f i l t e r e d  Cu Ka radiat ion 
A red-orange, needle shaped c r y s t a l  with 
was  used. The 
The crystal is orthorhombic with cell  constants gm13.962 4 0.007, 
- b4.308 5 0.003, g=7.312 5 0.003 1, as calculated from the s ing le  crystal 
diffractometer  data. The density,  measured by f loa t a t ion  is 2.15 Ifr 0.03 g./cc. 
a t  24' (dc=2.127 g./cc.) 
weights per  u n i t  cell. 
and corresponds t o  a calculated value of 4.0 formula - 
Extinctions were observed for: O&, &+&#~II; LkO, 
!$2; km, _#2g; okp, &#23 OO&, &#2g, which are consis tent  with two space 
groups, vit . ,  Pna21 (No. 33) and Pnam (equivalent t o  Pnma-No. 62-by exchanging 
b and c). 
I n t e n s i t i e s  of 1099 independent r e f l ec t ions  ( a l l  those for which 
16O0>292O0) were obtained using the f u l l  2 8  scan method. 
absorption 
The atomic sca t t e r ing  fac tors  given i n  the In te rna t iona l  Tables 
Corrections f o r  Lp, 
8 9 
(p-208.3 cm.-l) and s p e c t r a l  dispers ion were applied t o  the  data .  
10 were used 
(8) Using a modification of an absorption program f o r  a c r y s t a l  bounded by 
- n plane faces  ( ~ ~ 2 0 )  wri t ten by B. M. Craven, Crystallographic 
Laboratory, Univ. of Pit tsburgh, Pit tsburgh, Pa. 
(9) L. E. Alexander and C. G. Smith, ?Single Crystal In t ens i ty  Measurements 
with the  Three Circle Counter Diffractometer," Mellon I n s t i t u t e ,  
Pit tsburgh, Pa., 1961. 
(10) J. A. Ibers  i n  "Internat ional  Tables f o r  X-Ray Crystallography." 
Vol. 111, Table 3.3lA, the Kynoch Press ,  Birmingham, 1962. 
< *  
I 
t 
6 
for Cl-,  C l 0 ,  No, So, Oo, and those given by Thomas and Umeda" were 
~- ~ 
(11) L. H. Thomas and KO Umeda, J, Chem. Phys., 26, 293 (1957)- 
+2 used f o r  Ru . 
program 
Least-square calculatkcms were made with a block-diagonal 
12 13 
using an IBM 1620 except f o r  the f i n a l  full-matrix refine- 
(12) Program wr i t ten  by D. Van d e r  H e l m ,  Physics Dept., The I n s t i t u t e  
f o r  Cancer Research, Philadelphia, Pa. 
(13) A, Zalkin's  modification of an unpublished program by P. K, Gantzel, 
R, A. Sparks and K. N. Trueblood, U.C.L.A., Los Angeles, Calif .  
ments which were made using an IBM 7044. 
I-- ; Infrared Spectra.*--The infrared spec t ra  of the  complexes ( in KBr) 
_I 
were recorded with a Perkin-Elmer #421 Infrared Spectrophotometer i n  the 
rock salt  region. There w a s  no evidence f o r  react ion between t h e  complexes 
and the  KBr. 
Solution of the Crystal  Structure  
The i n t e n s i t i e s  of 70 independent zero level r e f l ec t ions  from the  
preliminary precession and Weissenberg fi lms w e r e  used t o  obtain f i r s t  
estimates of the  atom positions. 
show regions of very weak or  absent re f lec t ions ,  which is cha rac t e r i s t i c  
The zero level  precession photographs 
x 
of c r y s t a l s  having high symnetry; therefore  the i n i t i a l  refinement was  
based on Pnam r a t h e r  t ha t  on Pna21. Of the three sets of equivalent posi- 
tions i n  Pnam f o r  four  asymmetric un i t s  per u n i t  cell, only the set f o r  
which the point symmetry is 2 (x,y,1/4;x,y,3/4; 1/2-x, 1/2+y,3/4; 
1/2+x, 1/2-y,1/4) need be considered, s ince  the complex cannot have a center.  
8 
of symmetry, Thus, t he  zuthenium, two chlorines and su l fu r  must have 
t h e i r  2 coordinates i n  the  mirror plane a t  g=1/4;  both of the exygens 
nust be e i t h e r  i n  the  mirror plane or symmetrically arranged above and 
below 2=1/4. The four nitrogens could be symmetrically arranged two above 
and two below t h e  mirror plane o r  two i n  the mirror plane with the other 
two symmetrically placed above and below &=1/4. 
Possible posi t ions of t he  Ru were determined from Patterson pro- 
jec t ions .  n e  conventional R fac tor  (R-1 lF01 - lpcl I /I ~Fol), using 
i so t rop ic  temperature fac tors ,  was then computed f o r  each of the possible  
Ru pos i t ions  and the  coordinates giving the lowest R, (0.4l),were selected.  
Posi t ions of the coordinated chlorine and su l fu r  atoms were estimated by 
using Harker-Patterson maps and Bragg-Lipson contours combined with 
chemical considerations.  
coordinates of the Ru, C 1  and S thus f a r  determined. The C 1  anion w a s  
located from f u l l  and difference Fourier project ions synthesized with 
t h e  a id  of a Von E l l e r  op t i ca l  analog computer and using the phases 
determined by the other  three heavy atoms. 
were very poorly resolved i n  the Fourier. 
refinements were performed using the  four  heavy atom posi t ions and possible  
pos i t ions  for the nitrogen and oxygen atoms. The R f ac to r  differed by less 
than 0.01 f o r  the various l i g h t  atom arrangements but showed a s l i g h t  
preference f o r  placing the  nitrogen atoms two above and two below the mirror 
plane and f o r  the two oxygen atoms i n  the mirror plane. This arrangement of 
atoms ( a l l  with i so t rop ic  thermal parameters) gave a value of R-0.234. 
A series of block-diagonal least-squares refinements and Fourier 
I 
An R fac tor  of 0.28 was computed using the 
The nitrogen and oxygen atoms 
Block-diagonal least-squares 
8 
syntheses followed, using t h e  i n t e n s i t i e s  of the  1099 r e f l ec t ions  measured 
on t he  diffractometer  and t h e  coordinates of the atoms determined from the 
f i l m  data.  The atom posit ions ref ined i n  t h i s  way gave an R f ac to r  of 
0.105 using i so t rop ic  thermal parameters. I so t rop ic  refinement based on 
Pna21 gave an R fac to r  lower by only 0.003. Anisotropic refinement of a l l  
atoms based on Pna2l resul ted i n  an R f ac to r  of 0.071 a f t e r  s i x  cycles. 
After  de l e t ion  of 43 very weak or  zero in t ens i ty  re f lec t ions  p lus  12 
r e f l ec t ions  which w e r e  apparently recorded incor rec t ly  the  R f a c t o r  
dropped t o  0.050. The standard deviat ions of the  parameters of the 
four  heavy atoms indicated that  the  departure  of t h i s  parameter from 
- z=1/4 w a s  small but  s ign i f icant .  However ,  block-diagonal refinement 
does not  always cor rec t ly  estimate the standard deviations.  When the 
s t r u c t u r e  w a s  ref ined anisotropical ly  on the  bas i s  of Pnam with a f u l l -  
matrix least-squares program, the  R f a c t o r  leveled off  a t  0.047 a f t e r  
3 cycles. Attempts t o  r e f ine  on Pna21 with the  full-matrix program gave 
severa l  meaningless anisotropic  temperature factors .  These r e s u l t s  indi-  
ca te  t h a t  Pnam is very l ike ly  the  cor rec t  space group and i l l u s t r a t e  one 
of the  shortcomings of the block-diagonal least-squares method. A n  
attempt t o  loca te  the  hydrogens from the difference Fourier sec t ions  down 
[ O O l ]  w a s  no t  successful.  
The f ina l  pos i t i ona l  and an iso t ropic  temperature parameters and 
t h e i r  standard deviations axe given i n  Tables 1 and 11. 
t a i n s  a list of t he  observed and calculated s t ruc tu re  fac tors .  
Table III con- 
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Table 111 
I1 Observed and Calculated Structure for [Ru ("3 ) 1,(S02)Cl]C1 
Table is  photographed, and a g l o s s y  
print is a t  the end of the manuscript. 
* 
a. An a s t e r i s k ,  , denotes reflections assigned zero weight. 
b.  Both E'c and Fc have been mult ip l ied  by 3 . 4 .  

. 
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Discussion of the  Structure  
The complex is i n  the form of a s l i g h t l y  d i s to r t ed  octahedron 
with the four  ammine groups at t h e  corners of a square whose plane is 
e s s e n t i a l l y  perpendicular t o  the l ine joining the S, Ru, and coordinated 
c1, and i n  which the lat ter three atoms, the two oxygen atoms and the  
chlor ine anion l i e  i n  a plane of mirror symmetry. 
of the  s t ruc tu re  projected d m  [ O O l ]  is shown i n  Fig, 1. 
A schematic diagram 
I n s e r t  Fig. 1. 
Fig. 2 shows a perspective drawing of [Ru I1 (l"3)4(S02)Cl] + . Inse r t  Fig, 2 
A list of the  most important bond dis tances  and angles are given in Table 
IV. \The most s ign i f i can t  r e su l t s  of the s t ruc tu re  ana lys i s  are (1) t ha t  
1- 
- 
t he  SO, ligand has been shown to  be coordinated through the  s u l f u r  and 
(2) t h a t  the S-0 bond lengths and the  04-0 bond angle are approximately 
the  same as i n  f ree ,  s o l i d  SO2 (S-0, 1.430 5 0.015 8; 0-S-O, 119 2 2O). 
(14) Bo Post,  R. So Schwartz and I, Fankuchen, Acta C r y s t . ,  3, 372 (1952). 
14  
The s igni f icance  of the difference between the individual  S-0 bond lengths  
and the  average of these values (1.428 5 0.010 El), which amounts t o  three  
standard deviations,  i s  open t o  question. On chemical grounds there  is no 
reason t o  expect t h a t  the two S-O bonds should d i f f e r .  I f  the observed 
deviat ion is real, i t  is most  l ike ly  the  r e s u l t  of packing e f f ec t s .  The 
same argument can a l s o  be applied t o  the  deviat ion of the  C11-Ru-S bond 
angle from 180°. Coordination of t he  SO2 through the su l fu r  might have 
been an t ic ipa ted  s ince  l igands containing both s u l f u r  and oxygen generally 
pe r fe r  t o  coordinate through the su l fu r  when the  metal involved contains 
e lec t rons  i n  low ly ing  o rb i t a l s  which can pi- bond with the empty & 
1s 
o r b i t a l s  of su l fur .  
(15) K. Suzuki and K. Yamasaki, J. InorR. NucLChem., 24, 1093 (1962). 
. 
13 
Table N 
Interatomic Distances ( i n  8) and Angles and Their Standard Deviations 
Ru-N 1 2.127 2 0.006 
Ru-N 2 2.126 2 0.006 
Ru-C 11 2.415 - + 0.003 
Ru-Cl2 4.258 5 0.002 
Ru-S 2.072 5 0.003 
s-0 1 1.462 5 0.010 
s-02 1.394 & 0.010 
0 1-02 2.393 2 0.014 
& 04-0 
L C11-Ru-S 
L S-Ru-Ni 
113.8 5 0.6 
176.3 5 0.1 
87.9 5 0.2 
86.5 2 0.2 
94.8 5 0.2 
90.9 5 0.2 
88.5 5 0.3 
90.1 2 0.2 
90.1 5 0.2 
90.7 0.3 
* Designates the  atom related by the  mirror symmetry. 
. 
m 
The Ru-N bond dis tance is comparable ' t o  the value of 2.10 R found 
(NH3)5C1]C1216 and is within the  range of 2.00-2.35 2 found i n  I11 i n  [Ru 
(16) C. K. Prout and H, M. Powel l ,  J. Chem. SOC., 1962, 137. 
o ther  platinum group ammines.17 The Ru-Cl1 dis tance appears t o  be typ ica l  
(17) The Chemical Society (London), "Tables of Interatomic Distances and 
Configurations i n  Molecules and Ions," Spec, Publ. No. 11, Burlington 
House, London W . l ,  1958, 
of chlor ine coordinated t o  platinum group metals. 16* l7 
s u l f u r  bond lengths of 2.1-2.5 have been reported, 17'18 the  lower l i m i t  of 
Trans i tion-me t a l  
(18) C. K. Jorgensen, "Inorganic Complexes," Academic P r e s s ,  N. Y., 1963, 
p. 142. 
14 
~~ 
which is s l i g h t l y  grea te r  than t h e  d i s tance  observed i n  the Ru-SO2 complex. 
Realizing t h a t  no firm conclusions can be drawn from u t i l i z i n g  the 
sums of i on ic  or covalent r a d i i  t o  determine the  ion ic  or  covalent character 
of bonds, except i n  some organic compounds where  s u f f i c i e n t  s t a t i s t i c a l  d a t a  
are avai lable ,  the following observations are presented: (1) the  sum of the 
octahedral covalent radius  of R u ( I I ) ~ ~  and s ing le  bond covalent radius  of 
(19) L. Pauling, "The Nature of the  Chemical Bond," 3rd ed., Cornel1 
University Press,  I thaca,  N. Y., 1960. 
d9 is 2.03 8 ,  which is about 0.1 8 smaller than the  observed Ru-N distance,  
ind ica t ing  p a r t i a l  i on ic  character i n  t h e  Ru-N bond ( inf ra red  evidence i s  
a l s o  consis tent  with ion ic  character i n  M-NH3 bonds- see Nakamoto," p, 145); 
15 
* (20) K. Nakamoto, "Infrared Spectra of Inorganic and Coordination 
Compounds," John Wiley and Sons, Inc., N. Y., 1963. 
(2) the  sum of the  octahedral covalent radius  of Ru(I1) and the radius 
of s u l f u r  (calculated from the S-0 bond dis tance i n  s o l i d  SO2 and the  
double bond covalent radius  of oxygen ) is  longer by 0.14 8 than the  19 
observed Ru-S dis tance,  indicat ing p a r t i a l  double bond character i n  the  
Ru-S bond; (3) the  sum of the octahedral covalent radius of Ru(I1) and 
the  s ing le  bond covalent radius of C1 
19 
is 2.32 61 which is 0.1 R smaller 
than the observed Ru-C1 distance and considerably smaller than the  sum 
obtained using the  chloride anion (3.13 81, thus the  Ru-Cl bond is pre- 
dominantly covalent. 
Like other  ammine complexes20 containing very electronegative atoms, 
t he  Ru-SO2 complex is hydrogen bonded, as is  evidenced by inter-  and 
intramolecular spacings of 2.9-3.3 between the ammine nitrogens and 
the  su l fu r ,  two chlorine6 and two oxygens. These in te r -  and intramolecular 
spacings of 2.9-3.3 8 f a l l  i n t o  the range of values reported i n  Table 4.1.12 
of the In te rna t iona l  Tables" for  hydrogen bonds between N-N, N - C l  and N-O 
a tom.  
The Inf rared  Study 
Coordinated ammines exhibi t  f i v e  fundamental modes i n  t h e i r  vibra- 
' t i o n a l  spec t ra  (plus the  M-N mode, whose posi t ion is  still a subject  of 
controversy) .20 Table V gives t h e  pos i t ions  and empirical  assignments of 
the bands i n  the  Ru-SO2 complex and i n  three  of i ts  precursors,  t ha t  are 
considered t o  arise from the amine ligand. 
s t rong  bands i n  t h e  spectrum of [Ru 
The remaining medium and 
I1 (NHJ)~(SO,)C~]C~ are a t t r ibu ted  t o  
16 
t h e  SO2 l igand and are presented i n  Table V I  along with the band assign- 
ments f o r  uncoordinated, s o l i d  S02. 2 1  
(21) R. N. Wilson and E. R. Nixon, J. Chem. Phys., 25, 175 (1956). 
T a b l e  V 
Infrared Frequencies ( in  cm.-') of t h e  NH3 Ligand i n  Rutheniuudmmine Complexes 
a Complex Sym. S t r .  Asy. Str. 
[b111(m3)61ckj 3218(s) 3405 (M) 
[ Ru1I1 ("3 s C l l C 1 2  3208( s) 3405(m) 
[Ru" ("3 14 (HS03) 2 1 3260 (s) 3430 (M) 
[ Ru"(NH3) 4(S02)Cl]Cl 3225(s) 3420(ms) 
a. A broad i r r e g u l a r l y  shaped band. 
Sym. Def. 
1312 (m) 
1290( s) 
1299 (s) 
1245(s) 
Asy. Def. Rock 
1608(m) 775(m) 
1610(m) 790(m) 
1633(m) 782 (m) 
1625(m) 779(m) 
Table V I  
Infrared Frequencies ( i n  em.-') of Free and Coordinated SO2 
Sym. Str. Asy. S t r .  Bend 
SO2 (Solid)21 
11OO(s)  
1147 (m) 1308  30]( s 
552 (m) 
521(m) 
. 
I " 
8 
t 
17 
In the Ru-Sop comples, the band a t  1245 cm. -1 w a s  assigned t o  
the symmetric deformation mode of the  NH3 ligand r a the r  than the band a t  
1301 cm. ', on the bas i s  of i t s  in t ens i ty  r e l a t i v e  t o  the asymmetric 
deformation band i n  the  S02- f ree  complexes. The 1301 cm. -1 band is 
considered t o  arise from the SO2 group. Additional support f o r  t h i s  
assignment is the  appearance of a band a t  1302 cm. -1 i n  two of Vaska's 5 
SO, complexes which do not  contain ammine or other l igands having absorp- 
t i ons  i n  t h i s  region (aside from the  SO2). 
The lower values of the  s t r e t ch ing  modes of t h e  SO, i n  the complexes, 
compared t o  those i n  uncoordinated, s o l i d  SO2 may arise from the same 
f a c t o r s  t ha t  are responsible for the C-O s t r e t ch ing  frequencies i n  metal 
carbonyls being lower than those i n  f r e e  C0.22 However, t he  e f f e c t  i n  t he  
(22) E. W. Abel, Quart. Revs., 1963, 133. 
metal carbonyls is of much greater  magnitude than i n  the  SO2 complex, It  
is suggested therefore  t h a t  the S-0 bond order may be lowered and the Ru-S 
bond order ra i sed  by overlap of empty antibonding J& o r b i t a l s  on t h e  SO2 
l igand with the f i l l e d  non-bonding 4 o r b i t a l s  of the  ruthenium. 
lar o r b i t a l  treatment of the complex would be he lpfu l  i n  deciding the 
- 
A molecu- 
v a l i d i t y  of t h i s  suggestion. 
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FiPure 1 
Projection of the structure of [Ru I1 ("3 )t,(S02)Cl]Cl (excluding 
hydrogen atoms) down the c axis (the origin is at  the bottom 
l e f t )  . 
are at 
are indicated. 
The shaded atoms are at  = = 1/4 and the unshaded atoms 
= 3 / 4  except for the nitrogen atoms whose = coordinates 
Fimre 2 
Perspective view of [Ru I1 ("3 )t,(S02)Cll + (excluding hydrogen 
atoms). 
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